ABSTRACT
This article presents an up to date of selected aspects of the molecular mechanisms of cholesterol metabolism most likely involved in cholesterol gallstones disease, a highly prevalent disease in the Western world. The etiology of cholesterol cholelithiasis is considered to be multifactorial, with interaction of genetic and environmental factors. The production of supersaturated bile by the liver of cholesterol is a key early metabolic event underlying cholesterol lithogenesis. Regulation of hepatic cholesterol trafficking within the hepatocyte appears essential for the production of cholesterol supersaturated bile. Impaired sorting of metabolically active hepatic free cholesterol to the bile acid biosynthetic or lipoprotein production pathways leads to an increased availability of cholesterol for preferential channeling of cholesterol to the canalicular membrane and further secretion into bile. Many of these intrahepatic cholesterol trafficking steps are under genetic control and might be influenced by a variety of environmental factors. This review summarizes recent discoveries related to transhepatic cholesterol flux and biliary lipid secretion, which have provided new insights to the regulation of hepatic cholesterol metabolism as related to gallstone disease.
INTRODUCTION
Cholesterol, a key component of cell membranes and precursor of steroid hormones and bile acids, is the major component of gallstones in Western societies. Approximately 10% to 15% of Europeans and North Americans harbour gallstones. The disease is epidemic among Chilean Mestizos, Mapuche Indians and North American Indians, affecting to more than 50% of their adult populations (1-5). The aetiology and pathogenesis of cholesterol gallstone formation are multifactorial, involving complex interactions among multiple genetic and environmental factors. Biliary cholesterol lithogenicity is determined by the relative concentration of the three main lipid components of bile: bile acids, phospholipids and cholesterol. Lithogenic bile usually reveals a disruption of hepatic cholesterol homeostasis, which leads to increased secretion by the liver of biliary cholesterol secretion and subsequent cholesterol supersaturation of gallbladder bile (6-9). Interestingly, supersaturated bile is frequent among individuals of populations where gallstone disease is highly prevalent regardless of the presence of gallstone disease (10, 11), suggesting that bile supersaturated with cholesterol precedes gallstone formation.
Figure 1 schematically shows the sequential mechanisms thought to be involved in the pathogenesis of cholesterol gallstones. These include biliary cholesterol hypersecretion and supersaturation, cholesterol microcrystal formation, stone growth and stasis within the gallbladder. Each of these various steps might be under genetic control and/or influenced through intermediate metabolic pathways linked to a variety of environmental factors. It is likely that biliary cholesterol hypersecretion represents a common pathogenic mechanism for gallstone formation in the majority of patients having this disease. Gallbladder stasis increases the chance of gallstone development from supersaturated bile present in the gallbladder. Gallbladder stasis results when motility of the gallbladder is altered leading to incomplete emptying, increased fasting and residual gallbladder volume, and formation of biliary sludge, which enhances growth and aggregation of cholesterol crystals to form cholesterol gallstones (6-9). This review will be focused on the metabolic factors and their underlying molecular mechanisms responsible for the secretion of lithogenic bile.
HEPATIC CHOLESTEROL METABOLISM
The liver plays a critical role in whole body cholesterol homeostasis and lipoprotein cholesterol metabolism by body cholesterol removal through the bile (12-14). Hepatocytes acquire cholesterol by three Figure 1 . The four pathogenic steps in cholesterol gallstone disease. The first abnormality is the secretion by the liver of higher than normal amounts of biliary cholesterol in the form of unilamellar phosphatidylcholines vesicles. Second, bile salts -dependent micellar solubilization of vesicular cholesterol is incomplete as a function of gallbladder emptying. Third, cholesterol crystal formation is accelerated by the presence of mucin and other still unknown pronucleating factors. Fourth, the majority of subjects with biliary cholesterol supersaturation present a chronic cholecystitis prior to the formation of gallstones. Gallbladder emptying is abnormal in some gallstone patients. Hepatic cholesterol transport pathways and biliary lipid secretion. Hepatocytes acquire cholesterol by three ways: synthesis in the endoplasmic reticulum (ER), receptormediated internalization of chylomicron remnants (CM), VLDL, and LDL, and selective cholesterol uptake from HDL mediated by SR-BI. Particles internalized by LDLR are hydrolyzed in lysosomes releasing free cholesterol, which could be transported with the aid of NPC1 to the plasma membrane and to the interior of the hepatocyte. Cholesterol obtained from HDL is selectively transferred to the hepatocyte and is used as a preferentially source of cholesterol secreted into bile. Cholesterol synthesized in the (ER) and reaching the ER from other sources could be esterified in cholesterol esterrich droplets, metabolized to bile acids or secreted into bile. SCP2 could delivers cholesterol destined for biliary secretion to the canalicular membrane. Biliary lipid secretion is mediated by different ABC transporters: ABCG5/G8 for cholesterol, ABCB4 for phospholipids (PL) and ABCB11 for bile salts (BS). pathways: endogenous biosynthesis from acetate in the endoplasmic reticulum (ER) (12), receptor-mediated endocytosis of chylomicron (CM), very low-density lipoproteins (VLDL) and low-density lipoproteins (LDL) (13), and selective cholesterol uptake from high-density lipoproteins (HDL) mediated by the scavenger receptor class B, type I (SR-BI) (15, 16). Cholesterol is highly insoluble in water and, in contrast to fatty acids, cannot be catabolized to simpler carbon molecules. Hepatocytes efficiently eliminate sterols through the bile as cholesterol and newly synthesized bile acids (12-14). Remarkably, biliary cholesterol is mostly derived from preformed cholesterol, which originates from the uptake of plasma lipoprotein cholesterol at the hepatocyte sinusoidal membrane (17, 18).
For biliary secretion, cholesterol must be transported within the hepatocyte towards the canalicular region and secreted into the bile solubilized in phospholipid vesicles (19-22, see Figure 2 for a scheme of hepatic cholesterol transport). Then, it is reasonable to postulate that biliary cholesterol secretion under normal and disease conditions could be controlled by genes encoding proteins responsible for hepatic sterol trafficking, including apolipoproteins, lipoprotein receptors, and enzymes involved in bile acid synthesis and cholesterol esterification, intracellular cholesterol transport proteins, and canalicular lipid transporters. Recent studies using gene targeted mice have provided evidence that indeed various genes involved in hepatic lipid trafficking and metabolism play a key role in biliary lipid secretion (reviewed in 23).
Furthermore, a number of studies have tried to identify specific abnormalities of hepatic cholesterol metabolism in gallstone patients. However, results have not shown a specific pattern of abnormalities. For example, gallstone patients have presented increased or normal activities of hepatic hydroxy-methyl-glutaryl-Co-A reductase (HMG-CoA reductase) (24-27), the rate limiting steps of cholesterol synthesis. Determination of bile salt synthesis or cholesterol 7alpha-hydroxylase (CYP7A1) activity, the principal regulatory enzyme in the synthesis of bile acids, has been found decreased, normal or increased in gallstone patients (24-28).
HEPATIC CHOLESTEROL TRAFFICKING AND ITS RELATION TO BILIARY LIPID SECRETION
The receptor-mediated endocytic pathway is one of the major mechanisms for uptake of lipoprotein cholesterol in the liver. In fact, more than 80% of circulating plasma LDL is cleared by endocytosis in this organ (12). Furthermore, the hepatic endocytic pathway is also responsible for metabolism of lipoprotein remnants. We have shown that apoE, a lipoprotein cholesterol transport molecule involved in the uptake of CM remnant by endocytosis, plays a critical role in regulating biliary secretion of dietary cholesterol and diet-induced cholesterol gallstone formation in mice (29). Interestingly, an association between human apoE4 polymorphism and cholesterol gallstone formation has been described (30).
Reverse cholesterol transport is an important pathway that transfers cholesterol carried by HDL from peripheral tissues to the liver (31). For long time, it was known that HDL is utilized as a preferentially source of cholesterol for biliary secretion, either as unesterified cholesterol or as bile acids (17). The molecular mechanisms by which the liver handles HDL cholesterol for biliary secretion have begun to be elucidated. In this context, hepatic overexpression of the HDL receptor SR-BI using adenoviral gene transfer resulted in reduced plasma HDL cholesterol concentrations and increased biliary cholesterol secretion (15). On the other hand, plasma HDL cholesterol concentration was increased and biliary cholesterol secretion was reduced in SR-BI knockout (16). These results suggest that SR-BI is a candidate gene to be involved in gallstone formation due its role in reverse cholesterol transport mediating the transfer of HDL cholesterol from plasma to bile. Consistent with proposal, it has been reported that up-regulation of hepatic SR-BI expression is associated with biliary cholesterol hypersecretion and gallstone formation in gallstonesusceptible C57L mice compared with resistant AKR mice (32). However, the definitive relevance of SR-BI in murine gallstone formation has not been addressed directly and is a matter of some controversy (33).
Under certain conditions, liver cholesterol homeostasis and biliary lipid secretion depend on hepatic cholesterol and/or bile acid synthesis. HMG-CoA reductase is the key enzyme in the novo cholesterol synthesis pathway. In mice, there is an association between HMGCoA reductase expression/activity and gallstone formation (34). After feeding a lithogenic diet, gallstone-resistant AKR mouse strain down-regulates hepatic HMG-CoA reductase expression, whereas this response was not observed in gallstone susceptible C57L/J strain (34). As mentioned before, in humans, the relation between HMGCoA reductase expression/activity and gallstone formation is less understood (24-27).
Cholesterol 7alpha-hydroxylase (CYP7A1) is the key regulatory enzyme in the classic bile salt synthesis pathway (35). In rodents, cyp7A1 gene expression is positively regulated by dietary cholesterol, increasing the conversion of cholesterol to bile acids and reducing the cholesterol-induced hypercholesterolemia (35). In addition, cyp7a1 -/-mice had reduced rate of bile acid synthesis and size of the bile salt pool size (36). However, the role of cyp7A1 in cholesterol gallstone formation is not clear yet. In humans, a cholesterol diet apparently does not regulate CYP7A1 (37).
Another key step in liver cholesterol homeostasis is cholesterol storage regulated by acyl-CoA cholesterol acyl transferase (ACAT), which is responsible for esterification of cholesterol with long chain fatty acids to store excess of cholesterol in cholesterol ester-rich droplets. The relevance of ACAT2, the ACAT gene that is expressed in mouse liver and intestine, was demonstrated in ACAT2 knockout mice (38, 39). When fed a high cholesterol diet, these mice exhibited profound effects in cholesterol homeostasis including complete resistance to diet induced cholesterol gallstone formation due to reduced capacity to absorb cholesterol in the intestine (38).
Hepatic cholesterol is transported efficiently through the liver and secreted into bile. Although the detailed molecular and cellular mechanisms involved in this process are not known, it is conceivable that many gene products encoding for carrier proteins and proteins involved in vesicular traffic participate in this complex and regulated hepatocellular system (12, 18, 23). We have provided evidence that hepatic transport of newly synthesized cholesterol from the endoplasmic reticulum to the canalicular membrane for biliary secretion into bile is rapid and microtubule-and Golgi-independent (40). In contrast, hepatic transport of lipoprotein-derived cholesterol for bile secretion seems to be mediated in part by cholesterol-containing vesicles and intracellular cholesterol trafficking proteins (20, 22). Recent attention has been focused towards exploring the potential role of intracellular sterol carrier/transfer proteins as potential mediators of cholesterol movement from intrahepatic compartments to the canalicular membrane. Using antisense techniques and adenovirus-mediated gene transfer, we have established that hepatic sterol carrier protein-2 (SCP-2) regulates biliary secretion of hepatic cholesterol (41-43). Also, it has been reported that disruption of the SCP-2 gene in mice impairs biliary lipid metabolism (44) . Consistent with these findings, it has been demonstrated that hepatic SCP-2 levels were elevated in patients with cholesterol gallstones (27) and that hepatic SCP-2 expression levels correlated with biliary cholesterol hypersecretion in mice with genetic predisposition to gallstone disease (45) .
We have also demonstrated that the inactivation of the Niemann-Pick type C-1 (NPC1) gene, which encodes an intracellular protein involved in trafficking of endocytosed lipoprotein cholesterol, is associated with abnormal biliary cholesterol secretion in cholesterol-fed mice (46) . On the other hand, adenovirus-mediated overexpression of NPC1 in murine liver results in increased biliary cholesterol secretion. Furthermore, NPC1 -/-mice did not increase gallbladder cholesterol concentrations in response to dietary cholesterol (46) . This suggests a potential role for the NPC1-dependent endocytic lipoprotein cholesterol uptake pathway in gallstone formation induced by a lithogenic diet. NPC1 has been proposed as a candidate gene in gallbladder lithogenesis (47) , but further studies are required to elucidate the direct role of hepatic NPC1 expression on cholesterol gallstone disease. Finally, it has been reported that caveolin-1, the main protein of cholesterol-rich plasma membrane caveolae and found in sinusoidal and canalicular liver membranes, is up-regulated during cholesterol gallstone formation in mice (32). Interestingly, hepatic caveolin-1 overexpression changes plasma HDL cholesterol levels by impairing SR-BI-mediated selective HDL cholesterol uptake (48) . Using adenovirus-mediated gene transfer, hepatic caveolin-1 overexpression affected biliary bile salt, rather than cholesterol, secretion in mice (Miquel JF et al, unpublished data). Caveolin-1-/-mice have been generated but they have not been characterized with regard to the role of caveolin-1 in biliary lipid secretion and gallstone formation (49, 50) .
Translocation of lipids across the canalicular membrane requires the activity of ATP-binding cassette (ABC) transporters, including the bile salt export pump sister P-glycoprotein ABCB11 (51) and the phospholipid flippase ABCB4 (52) (57, 58) . Overexpression of the human ABCG5 and ABCG8 transporters in mice markedly altered cholesterol transport through the enterohepatic circulation: fractional absorption of dietary cholesterol was decreased, whereas biliary cholesterol secretion and saturation were increased (57) . On the other hand, biliary cholesterol secretion was dramatically reduced in ABCG5/G8 knockout mice (58) . Despite bile samples of ABCG5/G8 transgenic mice were cholesterol supersaturated, no signs of cholesterol precipitation were observed (57) . This may implicate that bile cholesterol supersaturation per se is not sufficient for cholesterol precipitation and gallstone formation and that other factors are involved in this process (see further discussion in 59-61).
REGULATORY GENES INVOLVED IN BILIARY LIPID SECRETION
Regulatory genes transcriptionally controlling hepatic lipid metabolism (i.e., sterol regulatory element binding proteins (SREBPs), liver X receptors (LXRs), farnesoid receptor (FXR), and peroxisome proliferatoractivated receptors (PPARs)) might also regulate biliary lipid secretion. SREBPs play an important role activating the expression of various genes involved in the synthesis of cholesterol and fatty acids in the liver (62) . Various transgenic mice that overexpress the three different SREBPs isoforms (SREBP1a, SREBP1c and SREBP 2) have been generated (62) , even though their role in determining cholesterol availability for biliary cholesterol secretion and gallstone formation has not been reported.
LXRalpha has a pivotal role maintaining body cholesterol homeostasis because this nuclear receptor, which is activated by oxysterols, regulates the transcription of key genes involved in cholesterol absorption, transport, storage and catabolism like ABCG5/ABCG8 (63), ABCA1, apoE, SREBP1c, CETP, and cyp7A1 (in rodents, but not apparently in humans) (37, 64). LXRalpha regulation of cyp7A1 is very important in mice: LXRalpha -/-mice exhibit enormous hepatic cholesterol accumulation because they do not up-regulate cyp7A1 under a high-cholesterol diet (65) . However, biliary cholesterol or gallstone formation in LXRalpha -/-mice has not been evaluated. Administration of the LXR agonist T0901317 to mice produces multiple effects in cholesterol metabolism such as increases in plasma HDL cholesterol and phospholipid levels as well as biliary cholesterol output (66) (67) (68) (69) .
FXR is another essential regulator of cholesterol homeostasis (70) . This factor regulates expression of key genes involved in bile acid biosynthesis and transport and HDL cholesterol metabolism (71) . In FXR -/-mice, increased plasma HDL cholesterol levels and decreased in plasma HDL cholesterol clearance correlated with reduced hepatic SR-BI expression (71) . Surprisingly, biliary cholesterol secretion was increased in FXR -/-mice despiteABCG5/G8, SCP2 and SR-BI down-regulation (71) . This latter result indicates that SR-BI-independent pathways are actively supplying cholesterol for biliary cholesterol secretion in this mouse model PPARalpha is a key lipid sensor since this factor regulates the expression of several genes related with fatty acid oxidation and peroxisome proliferation. Recently, regulation of hepatic ABCB4, ABCG5, ABCG8, FXR and LXR by PPARalpha has been established in fasted mice (72) . PPARalpha regulation of these genes was associated with increased biliary phospholipid and bile salt secretion. Since PPARalpha is activated by fibrates, these compounds could potentially modulate biliary lipid secretion and gallstone formation. Interestingly, administration of fibrates reduces cyp7a1 expression in mice (73) and increases the risk for gallstone formation in humans (74) (75) (76) .
GALLSTONE GENES
The existence of human gallstone genes is supported by epidemiological (2-5) and family studies (77) (78) (79) of gallstone disease In fact, some candidate human genes related to lipoprotein metabolism have been associated to cholesterol gallstone disease. Some specific gene polymorphisms of apo E, apo B, apo A-I, and cholesteryl ester transfer protein were more frequently found in patients with cholelithiasis (30, 80, 81). More recently, mutations of the MDR3 were found associated to mild chronic cholestasis and cholesterol cholelithiasis (82 -84) . Another single gene defect in premature human cholesterol cholelithiasis and hypercholesterolemia was found associated to CYP7A1 deficiency (85) Similarly, some murine genes have been proposed as candidate genes to be involved in cholesterol gallstone formation based on genetics of experimental cholelithiasis in inbred mice (2, 47). By quantitative trait loci mapping, nine cholesterol gallstone susceptibly loci (Lith alleles) have been identified in mice. Some candidate genes that localize in the Lith loci are HMG-CoA reductase, SCP-2, ABCG5/G8, SCAP (SREBP-cleavage activating protein), FXR and PPARgamma (2). The localization of PPARgamma gene within a Lith locus is intriguing because this nuclear transcription factor regulates the expression of multiple genes involved in lipid metabolism and its functional activity has been linked to hyperlipidemia, obesity, insulin resistance and type 2 diabetes (86, 87) , all well known risk factors associated to cholesterol gallstone disease in humans.
METABOLIC RISK FACTORS OF HUMAN CHOLESTEROL CHOLELITHIASIS
A number of epidemiologic studies have linked obesity, diabetes type 2 and hyperlipidemia (high serum triglyceride and low HDL serum cholesterol) to cholesterol gallstone formation (5-8). These conditions are commonly included under the heading of the metabolic syndrome or Syndrome X (88-90). The basic pathophysiological abnormality underlying the metabolic syndrome is insulin resistance, which represents a generalized derangement in metabolic processes (88-90). The major clinical consequences of the metabolic syndrome are coronary heart disease and stroke, type 2 diabetes and its complications (88-90), fatty liver (91, 92) , and cholesterol gallstones (93, 94) .
The mechanistic link between insulin resistance and the metabolic syndrome is complex. Patients with diabetes type 2 that usually have hyperinsulinemia and insulin resistance have been shown to have a higher biliary cholesterol saturation compared to control subjects (95) (96) (97) . The latter is also a common finding in obese patients (98) (99) (100) (101) . In addition, insulin treatment of patients with noninsulin dependent diabetes increased biliary cholesterol saturation (96, 97) . Whether hyperinsulinemia also affects gallbladder emptying favouring cholesterol crystal formation remains to be elucidated. The role of insulin on the regulatory mechanisms of biliary cholesterol secretion has not been elucidated. It is possible that insulin increases the availability of free cholesterol for secretion into bile since-administration of insulin to increases hepatic cholesterogenesis (102) and decreases bile acid synthesis in the rat (103) . In addition, insulin increases LDL receptor activity in human fibroblast suggesting that the hormone might also have the same effect in the liver, increasing the availability of free cholesterol for secretion into bile (104) . Recent evidence indicates that leptin, a hormone that promotes satiety, energy metabolism and weight loss, might favour the formation of lithogenic bile and cholesterol gallstones in the genetically obese mouse (105, 106) .
Another possible pathogenic metabolic link between hyperinsulinemia and cholelithiasis might be related to the induction of hepatic VLDL production by insulin (107) . Insulin resistance might increase sinusoidal secretion of VLDL, which after releasing free fatty acids in muscle and adipose tissue by the action of lipoprotein lipase (107) can return to the liver as VLDL remnants for rapid clearance through lipoprotein receptor-dependent mechanisms. Under these circumstances, the absolute amount of cholesterol returning to the liver as VLDL remnants might be enhanced, increasing the availability of metabolically active free cholesterol for secretion into the bile.
PERSPECTIVES
In summary, recent studies have established the relevance of a series of cholesterol transport and cholesterol metabolism-related molecules in controlling the hepatic availability of cholesterol for biliary secretion and the pathogenesis of cholesterol gallstones in mice. Further studies are required to address of the detailed cellular and molecular mechanisms by which these different proteins involved in hepatic cholesterol uptake and transhepatic cholesterol transport determine biliary cholesterol secretion through the canalicular membrane. Because bile is the most important route for elimination of cholesterol from the body, a comprehensive understanding of the mechanisms involved in the modulation of the availability of hepatic cholesterol for biliary cholesterol secretion should facilitate the design of new effective preventive and therapeutical approaches in atherosclerosis and gallstones.
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